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QCD Phase Transitions

QCD — two phase transitions: carly universe
. . quark-gluon plasma
@ restoration of chiral symmetry ALICE
RHIC
SUL4Rr(Ny) — SUL(Ny) x SUR(Ny) 2 | crossover CBM <Py>
®
order parameter: g_ SPS quark matter
_ > 0 < symmetry broken, T < T, [ _
() { = 0 < symmetric phase, T > T, <by>>0
i hadronic fluid c’w — ]
e de/confinement superfluid/superconducti
phases ?!
order parameter:  Polyakov loop variable Ms=0 N> 0 2ICSWF=0 R
vacuum nuclear mattel  neutron star cores
& = 0 < confined phase, T < T. m
> 0 < deconfined phase, T > T,
8 At densities/temperatures of interest
¢ = <"CP eXp (l/() dTAO(T,x)) > /Ne only model calculations available

effective models:

@ Quark-meson model or other models e.g. NJL
@ Polyakov—quark-meson model or PNJL models
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o Three-Flavor Quark-Meson Model
o ...with Polyakov loop dynamics

o Finite density extrapolations
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Ny = 3 Quark-Meson (QM) model

@ Model Lagrangian: Lqm = Lquark + Lmeson
a) Quark part with Yukawa coupling g:

Lovane = (i~ 2 (00 + sma))
b) Meson part: scalar o, and pseudoscalar m, nonet

8
Aa
fields: ¢ = > 7(00 + im,)

a=0

Lmeson = tr[0,0"0"¢] — m™tr[pT ¢] — A (tr[oT¢])?
—atr[(¢79)?] + ¢ [det(¢) + det(¢")]
+r[H (¢ + ¢")]

A
explicit sym. breaking matrix: H = 7”}:4,
a
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Phase diagram Ny = 3 (= pg = ps)

Model parameter fitted to (pseudo)scalar meson spectrum:

PDG: f,(600) mass=(400. .. 1200) MeV — broad resonance

-

influence of existence of CEP!

[BJS, M. Wagner, '09]

Example: m, = 600 MeV (lower lines), 800 and 900 MeV (here Mean-field approximation)

with U(1),
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Mass sensitivity

Chiral limit: RG arguments — for N; = 3 first-order v/

> my/my = 0.49 (lower line), 0.6,0.8...,1.36 (upper line)

mr = 138 MeV , mg = 496 MeV , ratio m. /mx = m. /mg, fixed

Columbia plot [Brown et al. '90]

with U(1)4, ms =

250
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[Pisarski, Wilczek '84]
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Chiral critical surface (my = 800 MeV)

@ chiral critical surface in (m, mg)-plane

— standard scenario for m, = 800 MeV (as expected)

with U(1)4 without U(1)4
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Chiral critical surface for different m,,

[BJS, M. Wagner, '09]

@ chiral critical surface in (m, mg)-plane for different m.

> CEP vanishes for m, > 800 MeV — possible non-standard scenario?

-» three cuts of critical surface along fixed m, /mx ratio through physical point
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o ...with Polyakov loop dynamics
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Polyakov—quark-meson (PQM) model

o Lagrangian Leom = Lqm + Lpol  With Lol = —g70Aog — U($, B)

1 polynomial Polyakov loop potential: Polyakov 1978
Meisinger 1996
Pisarski 2000

U9 _ b a.n)
T4

96— 2 (8 +8) + 2 (60)°

with
bz(T, To) =aog + al(To/T) =+ az(To/T)2 =+ Ll3(T0/T)3
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Polyakov—quark-meson (PQM) model

o Lagrangian Leom = Lqm + Lpol  With Lol = —g70Aog — U($, B)

1 polynomial Polyakov loop potential: Polyakov 1978
Meisinger 1996
Pisarski 2000

U, ¢) _ _ bo(T, TO)¢¢_—(¢ +¢)+%(¢@2

T4
with
bz(T, To) =ao+ a; (To/T) =+ az(To/T)2 =+ Ll3(T0/T)3
2 logarithmic potential: Rossner et al. 2007
U 1 - _ - -
2 = —2a(T)¢o+b(T)In [1 — 666 +4 (8 + 8°) — 3 (d0)’]
with

a(T) = ao + a1 (To/T) + a2 (To/T)>  and  b(T) = b3(To/T)’
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Polyakov—quark-meson (PQM) model

o Lagrangian Leom = Lqm + Lpol  With Lol = —g70Aog — U($, B)

1 polynomial Polyakov loop potential: Polyakov 1978
Meisinger 1996
Pisarski 2000

U, ¢) _ _ bo(T, TO)¢¢_—(¢ +¢)+%(¢@2

T4
with
bz(T, To) =ao+ a; (To/T) =+ az(To/T)2 =+ Ll3(T0/T)3
3 Fukushima Fukushima 2008
Uris = —bT {54e—“/ 6% +In [1 66+ 4 (¢3 T (53) -3 (pr)z} }
with

a controls deconfinement b strength of mixing chiral & deconfinement
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Polyakov—quark-meson (PQM) model

@ Lagrangian Lpam = Lgm + Lol with  Lpol = —gY0Aog — U(d, d)

1 polynomial Polyakov loop potential: Polyakov 1978
Meisinger 1996
Pisarski 2000

U9 _ b a.n)

96— 2 (8 +8) + 2 (60)°

T4
with
bz(T, To) =ao+ a; (To/T) =+ az(To/T)2 =+ Ll3(T0/T)3
in presence of dynamical quarks: Ty = To(Ny) BJS, Pawlowski, Wambach, 2007

N o |1 |2 |241] 3
To [MeV] [[ 270 [ 240 [ 208 | 187 | 178
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Polyakov—quark-meson (PQM) model

@ Lagrangian Lpaw = Lgm + Lol with Lol = —g10Aog — U(9, §)

1 polynomial Polyakov loop potential: Polyakov 1978
Meisinger 1996
Pisarski 2000

U9 _ b a.n)

96— 2 (8 +8) + 2 (60)°

T4
with
bz(T, To) =aog + al(To/T) =+ az(To/T)2 =+ Ll3(T0/T)3
in presence of dynamical quarks: Ty = To(Ny) BJS, Pawlowski, Wambach, 2007
N o |1 |2 |241] 3
To[MeV] [[ 270 [ 240 [ 208 | 187 [ 178
p#0: To=To(Ny, ) ¢F¢"
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Phase diagram Ny =2 + 1

[BJS, M. Wagner; in preparation '09]

influence of Polyakov loop

Logarithmic Polyakov loop potential

Mean-field approximation

To = 270 MeV (constant)
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Critical region Ny =2 + 1

[BJS, M. Wagner; in preparation '09]

contour plot of size of the critical region around CEP

defined via fixed ratio of susceptibilities: R = x,/ Xf,ree

=» compressed with Polyakov loop

QM model PQM model
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Critical region Ny =2 + 1

[BJS, J. Wambach '06]

similar conclusion if fluctuations (via RG techniques) are included

example: Ny = 2 QM model
Mean Field + RG analysis

1.2 : —
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Isentropes s/n = const and Focussing

[E. Nakano, BJS, B.Stokic, B.Friman, K.Redlich; arXiv:0906.xxxx]

T [MeV]

here: Ny = 2 QM model: kink in MFA are washed out in FRG

— no focussing if fluctuations taken into account

a) influence of Dirac term

MFA (no Dirac term)

b) smallnest of crit region

FRG (full grid and Taylor expansion)

250p

e : CEP(Taylor)

p [Mev]
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SB limit:

model versus QCD lattice simulations

p/psg

QCD Thermodynamics Ny =2 + 1

[BJS, M. Wagner, J. Wambach; in preparation '09]
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15 2 2.5

> dashed lines:
PQM with lattice masses

my ~ 220, mg ~ 503 MeV
> solid lines:
(P)QM with realistic masses

lattice data: [Bazavov et al. ’09]
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amics Ny =2 +1

2
.. PSB 2 ™
SB limit: 5= 2(N; — l)% + N¢Ne

model versus QCD lattice simulations
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(e-3p)T*

[BJS, M. Wagner, J. Wambach; in preparation '09]
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o Finite density extrapolations
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Finite density extrapolations Ny =2 + 1

[F. Karsch, BJS, M. Wagner, J. Wambach; in preparation '09]

Taylor expansion:

T, °° n . 10" (Tv )/T4
S (5) v oin = 5 TR

high temperature limits:

TN N;7?
(T — 00) = N%Nf ,

N.N;
el —o0) =10

en(T — o00) =0forn > 4.
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Finite density extrapolations Ny =2 + 1

[F. Karsch, BJS, M. Wagner, J. Wambach; in preparation '09]

Taylor expansion:

P S am) (4) i o= 47T
0

convergence radii:

L P2 . ) .
T generic picture limited by first-order line?
root of c?
—_—
root of c? 1/(2n—2)
—> pom = &
=
Pe Can
or
x 1/2
C
\ I‘I'B on = &
Con+4-2

[C. Schmidt *08]
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Finite density extrapolations Ny =2 + 1
[F. Karsch, BJS, M. Wagner, J. Wambach; in preparation '09]

Taylor expansion:

P(T,p) _ < P 19" (p(T,w)/T*)
o —Z%C,,(T) (T) With eu(T) = 3 =g

u=0
first three coefficients:

co: pressure at u = 0

1.4 1
1ol 0.9
0.8
1r 0.7
0.8 r 0.6
S S 05
0.6 0.4
04 0.3
02 0.2
! 0.1
0 0
0 0

TIT,
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Finite density extrapolation

[F. Karsch, BJS, M. Wagner, J. Wambach; in preparation '09]

Taylor expansion:

1@ = icn(T) (%) with e, (T) = 19" (p(T, )/ T*)

n
Wl 9 (/T) .
0.6 T T T T T T T T T T 0.03 y T T T T
cg 0.1 CX n=2+1, m =220 MeV —m— cg n=2+1, m =220 MeV —m—
0.5 n=2, m, =770 MeV —e—| 0.02 | n=2, m;=770 MeV —e—|
0.08 filled: N, =4
0.4 open:N, =6 0.01
0.06
0.3 9
=2+1, m,=220 MeV —m— 0r
0.2 n=2, m,=770 MeV —e—| 0.04
filled: N, = 4 0.01 |
01 open:N,=6 | 0.02
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[Miao et al. '08]

B.-J. Schaefer (KFU Graz) 16/21



-50000

3e+09 |-

2e+09
1le+09
0
-1e+09
-2e+09
-3e+09
-4e+09

B.-J. Schaefer (KFU Graz)

ClO i
! —
O
— Cp ~|— Cu -1e+06— — Cyo .
\ \ L \ ’
- - 5e+10 —— -
- L[ — % Ber10 | — %2 i
TR NI S . L]
098 1,02 0,98 1,02 0,98 1,02

5e+07

-5e+07

2e+12

-2e+12

-4e+12

17/21



Convergence radius PQM

r, : solid lines pn : dashed lines
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sceptibility Ny =2 + 1 PQM

n/T =08 w/T = pe/T.
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@ Np = 3 chiral (Polyakov)-quark-meson model study

=» Mean-field approximation
with and without axial anomaly

@ novel AD technique: high order Taylor coefficients, here: ¢,—4(T)

Findings: 1 ‘
—— QM

> Parameter in Polyakov loop potential: 08l — PQM log

To = To(N/“’ ,U.) ’ PQM p0|

— PQM fuku

> Chiral & deconfinement transition coincide o 06
> Mean-field approximation encouraging %w 0al
Quark-meson model is renormalizable
— no UV cutoff parameter (cf. PNJL model) 02 |
> Taylorcoefficient ¢, (T) — high order
. 0 L L L
> gsEe;ullotga%i\r/]elop general arguments to determine 05 1 T;S 2 25

Outlook:
@ include Polyakov loop dynamics in PQM model with FRG
@ include glue dynamics with FRG — full QCD (step by step)
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